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ABSTRACT 
SnAgCu is one of the most promising candidates for lead-free solders to replace 
conventional eutectic SnPb solders. The effects of solder volume on interfacial reactions 
and microstructure evolution in Au/Ni-SnAgCu-Ni(P) solder joints have been 
investigated under soldering and thermal aging conditions. The results show that solder 
volume has a strong effect on the formation of Au-containing intermetallic compounds 
(IMCs) and their redeposition at the interfaces. The size and volume fraction of Au-
containing IMCs dispersed in the solder bulk increased with decreasing the solder joint 
dimensions. For the small solder joint with 300 µm solder ball, the (Au,Ni)Sn4 IMCs 
redeposited to the interfaces after thermal aging at 150℃ for 9 days, but this was not 
observed for the other two solder joints with large solder volume. This results also 
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indicate that the redeposition of (Au,Ni)Sn4 is closely associated with the migration of Cu 
towards the interfaces. 
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INTRODUCTION 
    Due to the growing environmental and health concerns on use of lead, lead-bearing 
solders will be prohibited soon under new legislation by the US government and 
European Union [1,2]. Among various lead-free solders developed, SnAgCu is one of the 
most promising candidates due to its excellent wettability, mechanical strength and 
compatibility with existing assembly process. During soldering process and normal 
service, a solder reacts with metallizations on the pads to form intermetallic compounds 
(IMCs) at the interfaces. It is well known that these IMCs can play an important role in 
dictating the bonding quality and overall reliability of a solder joint. On the one hand, 
IMCs serves as a bonding material to connect solders and pads. On the other hand, 
excessive IMCs formed at the interfaces can degrade the overall performance of a solder 
joint due to its brittle nature and thermal mismatch with neighboring materials [3-4]. 
Generally, Au/Ni is a widely used surface finish in electronic packaging, where Au is 
used to protect underlying Ni layer from oxidation and facilitate wetting during soldering. 
Ni serves as a diffusion barrier to limit the excessive reactions between a solder and Cu 
metallization. For a SnPb solder with Au/Ni metallization, Z. Mei et al [5] found that 
AuSn4 IMC formed in the solder bulk during soldering migrated towards Ni and formed 
(Au,Ni)Sn4 on the Ni3Sn4 layer after prolonged aging. As a result, cracks were easily 
initiated along the brittle (Au,Ni)Sn4/Ni3Sn4 interface. Ho and Minor [6] assumed that the 
driving force of redeposition of AuSn4 as (Au,Ni)Sn4 was to seek more Ni as (Au,Ni)Sn4 
has a lower Gibbs-free energy than AuSn4. Laurila et al [7] studied the redeposition of 
AuSn4 on Ni/Au metallization using SnPbAg, SnAg, and SnAgCu solders. The 
redeposition of AuSn4 as (Au,Ni)Sn4 occurred in the SnPbAg and SnAg solders but not in 
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the SnAgCu solder. By using the Cu-Ni-Sn and Au-Cu-Sn ternary phase diagrams, it was 
assumed that the stabilizing effect of Ni on the (Au,Ni)Sn4 provided the driving force for 
the redeposition, and a very small addition of Cu to the Sn-rich solder alloys could 
completely change the behavior of the interconnection system. Shiau et al [8] carried out 
a study of reactions between lead-free solders and Au/Ni surface finish. Minor 
redeposition of (Au,Ni)Sn4 was observed in the Cu-free solders after prolonged thermal 
aging, but in the systems with Cu, no redeposition occurred. Lee et al [9] also studied the 
formation of IMCs in SnPbAg, SnAg, and SnAgCu solders on Ni/Au metallizations. 
They found that redeposition of (Au,Ni)Sn4 occurred in the SnPbAg solder instead of 
other two lead-free solders. Therefore, discrepancy still exists among these observations 
of redeposition behavior of (Au,Ni)Sn4 in lead-free solder joints. On the other hand, as 
the miniaturization trend continues, the solder joints become smaller and smaller. The 
solder volume is a function of r3, where r is the radius of the solder ball, but the size of a 
metallization varies according to r2 if its thickness is kept constant. Therefore, Au 
concentration from a metallization is increased with decreasing size of a solder joint. 
Normally, the supply of Cu from a small SnAgCu solder joint is limited and all Cu in the 
solder can be consumed to form Cu-containing IMCs during reflow and subsequent 
thermal aging. Therefore, it is expected that solder volume have strong effects on the 
resettlement of Au and Cu, which is crucial to most interfacial reactions in electronic 
packaging. In this study, SnAgCu solders with three different volumes were used to 
investigate the effects of solder volume on the migration of Cu and redeposition of 
(Au,Ni)Sn4. 
EXPERIMENTAL PROCEDURE 
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    Au/Ni-SnAgCu-Ni(P) solder joints, as schematically shown in Fig.1, were prepared by 
joining two FR-4 printed circuit boards (PCBs) with Sn3.0Ag0.5Cu solder. Solder joints 
with three solder ball sizes, i.e. 300, 400 and 760 µm in diameter, were used to observe 
the effects of solder volume on the interfacial reactions and microstructures, and the 
solder volume ratios corresponded to 1:2.4:16.3.  The pad diameters for the 760, 400 and 
300 µm solder balls were 600, 300, and 300 µm, respectively. The thicknesses of Au and 
electroplated Ni over Cu pad were 1 and 13 µm, respectively (upper part of the joint, 
Fig.1). 0.03 µm Au and 4 µm electroless Ni(P) with about 10 wt% P over the Cu pad 
were adopted on the other side (lower part of the joint, Fig.1). Before reflow soldering, 
the pads were ultrasonically cleaned and fluxed. It is important to keep the flux viscous 
enough to hold the solder balls in place. The solder balls were first placed on Ni(P) pads, 
and reflowed to form a bump using a hot air reflow oven. Then, the solder bump was 
reflowed again on the Au/Ni pads to form the Au/Ni-SnAgCu-Ni(P) solder joint. 
Thermocouple was used to monitor the temperature during the reflow. The peak 
temperature was 250℃ and the soaking time above liquidus temperature was about 60 s. 
Specimens were subjected to isothermal aging at 150for 4, 9, 16, and 25 days after the 
reflow soldering. The as-reflowed and aged specimens were then mounted in epoxy resin, 
cross-sectioned by a low-speed diamond saw, polished with a 0.1 µm diamond 
suspension, and slightly etched with 2 vol.% HCl + 98 vol.% C2H5OH solution to reveal 
the different phases. Scanning electron microscopy (JEOL JSM-6360LV) with an energy 
dispersive x-ray spectroscopy (EDX), operated at 20 Kev, was used to characterize the 
microstructures and phases formed in the solder joints. For every data point, at least 3 
point measurements were made and the average value was reported. 
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RESULTS AND DISCUSSION 
I. Microstructures of as-reflowed solder joints 
Fig. 2 shows the interfaces in the as-reflowed solder joints with solder ball diameters 
of 760, 400 and 300 µm. On both interfaces of the three joints, the IMC formed is mainly 
(Cu,Ni)6Sn5 with about 44.7 at% Sn, 24.5 at% Ni, and 30.8 at% Cu. It is due to the fact 
that Cu in the SnAgCu solder is involved in the interfacial reactions. Actually, it was 
reported that IMC formed at the interface was strongly dependent on Cu concentration in 
the solder [10]. For a low concentration of Cu (≤ 0.2 wt%), only (Ni,Cu)3Sn4 was formed 
at the interfaces. At a higher Cu concentration (≥0.6 wt%), only (Cu,Ni)6Sn5 was 
observed at the interfaces. When the Cu concentration was in the range of 0.2 wt% ~ 0.6 
wt%, (Ni,Cu)3Sn4 and (Cu,Ni)6Sn5 coexisted at the interface. In this work, however, only 
(Cu,Ni)6Sn5, was observed at both interfaces for all solder joints. In all solder joints, Au 
was dissolved quickly into solder during soldering due to the rapid dissolution rate of Au 
in a molten solder, as confirmed by other reseachers [11]. Au passed through the solder 
and reached the Ni(P) pad on the opposite side. As shown in Fig. 2 and 3, there were 
some bulky AuSn4 near the interfaces for the joint with 300 µm diameter solder ball. The 
size and volume fraction of the AuSn4 IMC dispersed through the solder increased 
significantly with the decreasing of the dimensions of the solder joints because of the 
limited solubility of Au in a SnAgCu solder (≤ 0.25 wt%) [12]. Approximately, if the 
thickness of Au metallization is kept constant (1 μm), the Au concentrations are about 
0.16 wt%, 0.28 wt%, 0.65 wt% for the joints with 760, 400, 300 µm solder balls, 
respectively. AuSn4 preferred to precipitate along the grain boundaries of Sn-rich phases. 
A thin dark P-rich Ni layer with about 25 at% P was observed between the IMCs and 
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Ni(P) layer, as shown in Fig.2 (d), (e) and (f). This layer has been widely reported as 
Ni3P, formed by solder reaction-assisted crystallization [13-14]. When Ni is consumed to 
form the IMCs at the interface, P is expelled to the remaining Ni(P) layer to form a Ni3P 
layer.  
II. Microstructures of solder joints after thermal aging  
    After aging at 150℃for 9 days, as shown in Fig.4, a small amount of Au is involved in 
the (Cu,Ni)6Sn5 as (Cu,Ni,Au)6Sn5, and a thin (Ni,Cu)3Sn4 IMC (less than 2 µm) with a 
small amount of Cu was detected under the (Cu,Ni,Au)6Sn5 layer. In the solder joints with 
400 and 760 µm solder balls, the total IMC thickness on the two pads are thicker than 
that in the solder joint with 300 µm solder balls. The morphology of IMCs in the joints 
with 760 µm solder balls is a bit rugged. As shown in Fig.5, a small amount of AuSn4 
previously dispersed in the solder bulk has disappeared. In contrast, platelet-like AuSn4 is 
observed in the solder joints with 400 and 300 µm solder balls. It is interesting to note 
that (Au,Ni)Sn4 has resettled to both the pads, i.e., Au/Ni(P) and Ni(P), for the solder 
joint with 300 µm solder balls. This indicates that the solder volume has a significant 
effect on the interfacial reactions.  
III. Effect of solder volume on Cu migration and redeposition of (Au,Ni)Sn4  
For a small solder joint, the total content of Cu is limited as it is a minor constituent in 
the SnAgCu solder with a concentration of only 0.5 wt%. During the soldering and aging 
processes, Cu is continuously consumed in the interfacial reactions, resulting in further 
decrease of Cu concentration within the solder. From the perspective of mass balance of 
Cu in a SnAgCu solder joint, the total amount of Cu in a solder joint is equal to the 
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amount of Cu in the solder plus the amount of Cu in the IMCs. Then, the mass balance of 
Cu before and after soldering can be expressed as follows, 
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where 0Cuw and Cuw are Cu concentration (in weight percent) in  the SnAgCu solder before 
and after reaction, respectively. solderd and padd are the diameters of the solder ball and 
pad. solderρ and IMCρ are density of  the SnAgCu solder and IMC, respectively. solderρ is 
about 7.4 g/cm3 [15]. IMCT  is the thickness of IMC formed at the interface, and CuInIMCw  is 
the weight percentage of Cu in the IMC. In this study, (Cu,Ni,Au)6Sn5 and (Ni,Cu)3Sn4 
were the Cu-containing IMCs formed at the interfaces in all solder joints after thermal 
aging. The thickness of (Ni,Cu)3Sn4 is very thin and the corresponding Cu concentration 
is low (less than 8 at%) so that Cu in (Ni,Cu)3Sn4 can be ignored. Up to now, no 
experimental data was available in the literature about the density of (Cu,Ni,Au)6Sn5. As 
Cu and Ni have similar atomic weight and radius and Au concentration in 
(Cu,Ni,Au)6Sn5 is low (less than 6 at%), the density of (Cu,Ni,Au)6Sn5 can be 
approximately estimated using the density of Cu6Sn5, which was reported as 8.28 g/cm3 
[16]. For SnAgCu solder joints with a Cu concentration about 0.5 wt%, the 
average CuInIMCw in (Cu,Ni,Au)6Sn5 has been determined to be 17.82 wt%. Then, equation 
(1) can be simplified as: 
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According to equation (2), the drop of Cu concentration ( 0Cucu ww − ) with the size of 
pad and solder ball and the thickness of (Cu,Ni,Au)6Sn5 can be evaluated, as shown in 
Fig.6. It can be seen that the drop of Cu concentration increases rapidly with shrinking of 
the solder joint. When about 5 µm (Cu,Ni,Au)6Sn5 is formed at both the pads in the joint 
with 300 µm pad/300 µm solder ball, the concentration of Cu in the SnAgCu solder 
approaches zero, which indicates most of the Cu has been consumed in the interfacial 
reactions and the (Cu,Ni,Au)6Sn5 growth is nearly stopped. To confirm this 
experimentally, the change of (Cu,Ni,Au)6Sn5 IMC thickness during the thermal aging 
test was measured as shown in Fig.7. It is clear that the IMC thickness is almost constant 
after aging for 9 days. The average thickness of the (Cu,Ni,Au)6Sn5 IMC is about 5.4 µm, 
which agrees well with the calculated results. This also explains why the IMC thickness 
in solder joint with 300 µm solder ball is less than that in the other two solder joints with 
larger solder volume. Therefore, interfacial reactions can change solder composition, and 
the corresponding SnAgCu solder has finally changed to SnAg solder. Subsequently, the 
redeposition of (Au,Ni)Sn4 occurred.     
    It is still not very clear why the redeposition behavior does not occur when Cu is 
present in a solder. It seems that Au atoms prefer being incorporated into Cu6Sn5 
structure to forming AuSn4 if Cu is still available, which consequently inhibits the 
redeposition of AuSn4 as (Au,Ni)Sn4. In other words, the Gibbs-free energy of 
(Cu,Ni,Au)6Sn5 should be lower than that of (Au,Ni)Sn4. However, thermodynamic data 
is still not available to confirm this assumption. It has been reported that the first phase to 
form is (Cu,Ni,Au)6Sn5 in the SnAgCu solder with Au/Ni metallization [7]. However, 
(Cu,Ni)6Sn5 and AuSn4 were observed after reflow in this study. During thermal aging, 
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Au was involved in (Cu,Ni)6Sn5 as (Cu,Ni,Au)6Sn5. Some AuSn4 IMC in the solder bulk 
must decompose first to release Au atoms so that they can diffuse towards Ni pads to 
supply the growth of (Cu,Ni,Au)6Sn5. This explains why little AuSn4 IMC was observed 
in the solder bulk for the SnAgCu solder joint with 760 µm solder balls after the thermal 
aging. However, the Au concentration is higher in a small solder joint, and AuSn4 
dispersed in the solder bulk will not be significantly influenced by the interfacial 
reactions. In solder joint with 300 µm solder ball, most Au still precipitates in the solder 
bulk as (Au,Ni)Sn4. These (Au,Ni)Sn4 have different amount of Ni (1-6 at%) depending 
on its location to the Ni pads, which indicates some Ni atoms have substituted the 
positions of Au atoms. Therefore, there is a Ni concentration gradient between these 
(Au,Ni)Sn4 IMCs and the Ni(P) pad. Furthermore, based on thermodynamic calculations, 
it was known that with 10% of Ni dissolved in the (Au,Ni)Sn4 compound, its Gibbs-free 
energy reached the minimum value (-10.5 kJ/mol) at 150℃,which was 40% lower than 
that of pure AuSn4 [17]. As a result, it is not surprising for (Au,Ni)Sn4 to seek more Ni at 
the interface to lower the Gibbs-free energy [7,18]. Mei et al [5] showed that the 
diffusion distance for Au in Sn at 150℃ for 24 h was 320 µm. Therefore, it is easy for 
Au to diffuse through solder to resettle at interfaces in a solder joint with only 300 µm 
solder ball during thermal aging. The redeposition process of (Au,Ni)Sn4 can be 
schematically shown in Fig.8. After reflow, Cu in SnAgCu solder was involved in the 
reaction at interfaces to form (Cu,Ni)6Sn5. Then, AuSn4 was decomposed and the 
released Au atoms were incorporated into Cu6Sn5 structure after aging. Once all Cu was 
consumed at the interfacial reactions, Au was redeposited as (Au,Ni)Sn4 at the interfaces. 
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The SnAgCu solder joints with larger solder volume did not exhibit the redeposition 
behavior at the interfaces as the Cu content is still high enough to suppress the 
redeposition even after long time aging, as compared to a smaller joint. 
 
CONCLUSIONS 
This study examined the effect of solder volume on the interfacial reactions in Au/Ni-
SnAgCu-Ni(P) solder joints during reflow and subsequent thermal aging at 150℃. Au 
was quickly dissolved into the solder and precipitated out as AuSn4 during the reflow 
process. The size and volume fraction of the AuSn4 IMC dispersed near the interface and 
in the bulk of the solder significantly increased with decreasing of the dimensions of the 
solder joints. (Cu,Ni)6Sn5 was observed at the both interfaces for the solder joints with 
three solder volumes. After thermal aging at 150℃for 9 days, some Au was involved in 
(Cu,Ni)6Sn5 as (Cu,Ni,Au)6Sn5 at the interfaces, and the Cu concentration in a solder 
joint decreases with the shrinking of solder volume due to its consumption at the 
interfacial reactions. Based on experimental observation and the mass balance analysis, 
when about 5 µm (Cu,Ni,Au)6Sn5 was formed at interfaces in a SnAgCu solder joint with 
the 300 µm pad/300 µm solder ball, most Cu could be exhausted in the interfacial 
reactions, and then the (Au,Ni)Sn4 redeposition occurred. In contrast, the redeposition 
behavior was not observed in the solder joints with a larger volume.  
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Fig.2 The Au/Ni/Cu interfaces in the joints with a solder ball diameter of 
(a) 760 µm, (b) 400 µm, and (c) 300 µm and the Ni(P) interfaces with a ball 
diameter of (d) 760 µm, (e) 400 µm, and (f) 300 µm in as-reflowed 
condition 
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Fig.4 The Au/Ni/Cu interfaces in the joints with a solder ball diameter of (a) 
760 µm (b) 400 µm (c) 300 µm and the Ni(P) interfaces with a ball diameter 
of (d) 760 µm (e) 400 µm (f) 300 µm of solder joints  after aging at 125 
for 9 days 
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Fig.5 The solder bulk of joints with a 
solder ball diameter of (a) 760 µm, 
(b) 400 µm, and (c) 300 µm after 
aging at 125 for 9 days 
(a) 
(Au,Ni)Sn4
(b) 
(c) 
(Au,Ni)Sn4
 - 19 -
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0 1 2 3 4 5 6 7 8 9 10
-1.0
-0.9
-0.8
-0.7
-0.6
-0.5
-0.4
-0.3
-0.2
-0.1
0.0
 
 
D
ro
p 
of
 C
u 
co
nc
en
tra
tio
n 
(w
t%
)
Thickness of (Cu,Ni,Au)6Sn5(µm)
 300µm pad/300µm solder ball
 300µm pad/400µm solder ball
 600µm pad/760µm solder ball
Fig.6 The calculated drop of Cu concentration with thickness 
of (Cu,Ni,Au)6Sn5 in different pad/solder ball combinations 
 - 20 -
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0 5 10 15 20 25
0
1
2
3
4
5
6
7
8
9
10
 
 
Th
ic
kn
es
s 
of
 (C
u,
A
u,
N
i) 6
Sn
5 (
µm
)
Thermal aging time (day)
Fig.7 The thickness variation of (Cu,Ni,Au)6Sn5 in the 
solder joint with 300 µm solder ball during thermal aging 
at 150 
 - 21 -
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ni 
Cu diffusion 
(Cu,Ni)6Sn5 
Ni(P) 
Fig.8 The redeposition of (Au,Ni)Sn4 after migration of Cu in SnAgCu solder 
AuSn4 
Ni 
AuSn4→Au + 4Sn
Ni(P) 
(Au,Ni)Sn4 (Cu,Ni)6Sn5 
Au diffusion 
(Cu,Ni,Au)6Sn5 
(Au,Ni)Sn4 
(Cu,Ni,Au)6Sn5 
